Microvascular invasion (MVI) in hepatocellular carcinoma (HCC) is an independent predictor of poor outcomes subsequent to surgical resection or liver transplantation (LT); however, MVI currently cannot be adequately determined preoperatively. Radiogenomic venous invasion (RVI) is a contrast-enhanced computed tomography (CECT) biomarker of MVI derived from a 91-gene HCC "venous invasion" gene expression signature. Preoperative CECTs of 157 HCC patients who underwent surgical resection (N 5 72) or LT (N 5 85) between 2000 and 2009 at three institutions were evaluated for the presence or absence of RVI. RVI was assessed for its ability to predict MVI and outcomes. Interobserver agreement for scoring RVI was substantial among five radiologists (j 5 0.705; P < 0.001). The diagnostic accuracy, sensitivity, and specificity of RVI in predicting MVI was 89%, 76%, and 94%, respectively. Positive RVI score was associated with lower overall survival (OS) than negative RVI score in the overall cohort (P < 0.001; 48 vs. >147 months), American Joint Committee on Cancer tumor-nodemetastasis stage II (P < 0.001; 34 vs. >147 months), and in LT patients within Milan criteria (P < 0.001; 69 vs. >147 months). Positive RVI score also portended lower recurrence-free survival at 3 years versus negative RVI score (P 5 0.001; 27% vs. 62%). Conclusion: RVI is a noninvasive radiogenomic biomarker that accurately predicts histological MVI in HCC surgical candidates. Its presence on preoperative CECT is associated with early disease recurrence and poor OS and may be useful for identifying patients less likely to derive a durable benefit from surgical treatment. (HEPATOLOGY 2015;62:792-800) H epatocellular carcinoma (HCC) is the sixthmost common cancer worldwide and the third-leading cause of cancer-related deaths. However, recurrence subsequent to surgical treatment is common, with 5-year rates reaching 70% after surgical resection and 35% post-LT.
H epatocellular carcinoma (HCC) is the sixthmost common cancer worldwide and the third-leading cause of cancer-related deaths. 1 For patients with early-stage HCC, surgical resection and liver transplantation (LT) are potentially curative. 2 However, recurrence subsequent to surgical treatment is common, with 5-year rates reaching 70% after surgical resection and 35% post-LT. [3] [4] [5] [6] Given the scarcity of organs available for LT and the morbidity risks associated with both procedures, there remains a need to better select patients who will gain enduring benefit from surgical therapies. A major obstacle to improving patient selection is the absence of diagnostic tools capable of identifying biologically aggressive disease and predicting postsurgical recurrence.
Microvascular invasion (MVI) is a powerful validated, independent predictor of early recurrence and poor overall survival (OS) after surgical treatment of HCC. [7] [8] [9] Currently, the diagnosis of MVI can only reliably be made by histology of explanted tissue when its clinical utility is marginal. A noninvasive test capable of accurately identifying MVI preoperatively would be of great benefit in better stratifying HCC patients for surgical management.
Recently, we reported that global HCC gene expression patterns could be reconstructed using conventional contrast-enhanced computed tomography (CECT) imaging. 10 This approach represents an emerging field, known as radiogenomics, where tumor imaging features are mapped to corresponding gene expression profiles. 11 Using this method, we prospectively defined a CECT imaging biomarker, termed radiogenomic venous invasion (RVI), for histological MVI. In contrast to conventional imaging features previously proposed for noninvasive diagnosis of MVI, which have been identified through imaging histopathology correlation studies, 12, 13 RVI was instead derived by association to a previously characterized HCC-specific "venous invasion" gene signature.
14 RVI was validated by demonstrating a strong relationship with histological MVI and prediction of MVI in an independent cohort. 10 Although confirmatory, this validation study was limited to a small population of surgically resected patients with brief clinical follow-up; thus, the true impact of this biomarker remains unknown.
This multicenter study was performed to assess the diagnostic accuracy and prognostic significance of the RVI biomarker in a large, multi-institutional population of surgical candidates with HCC. Our primary aim was to determine the diagnostic accuracy of RVI in predicting histologyconfirmed MVI. The ability of RVI to predict OS and recurrence-free survival (RFS) were assessed as secondary endpoints. Last, clinical applicability of RVI was examined in the context of standard-of-care staging paradigms.
Patients and Methods
Study Design. This study was a prospective evaluation of an imaging biomarker, RVI, conducted on a retrospective cohort with cross-sectional and longitudinal components. RVI was derived using a radiogenomic approach outlined in Fig. 1A . 10 Patients had histologyconfirmed HCC treated by surgical resection or LT between 2000 and 2009 and underwent CECT within 12 months before surgery. Patients were excluded if they received locoregional therapy (i.e., ablation or transarterial chemoembolization) before the time of imaging owing to the potential confounding effects of post-treatment changes in radiogenomic evaluation.
Patients were obtained from three comprehensive cancer centers at the University of California Los Angeles (UCLA), Stanford University, and University of California San Diego (UCSD). Institutional review board approval for this study was granted for each site. Data on MVI, nuclear grade (Edmondson-Steiner system), and cirrhosis were obtained from pathology reports. Laboratory values, including alpha-fetoprotein (AFP), bilirubin, albumin, and prothrombin time, as well as clinical outcome, were obtained from medical records and the Social Security Death Index. Dates of preoperative computed tomography (CT) imaging, surgery, and locoregional therapy were also recorded. Patients were classified by the American Joint Committee on Cancer (AJCC) tumor-node-metastasis (TNM) staging criteria based on CT imaging and the medical history taken at the time of CT. 15 LT patients were also classified by the Milan and University of California San Francisco (UCSF) staging criteria. 16, 17 CT Imaging. CECT scans were performed using either bi-or triphasic imaging protocols. Image acquisition parameters are detailed in the Supporting Appendix.
RVI Determination. The presence or absence of RVI on preoperative CECT was defined according to the algorithm shown in Fig. 1B . RVI consists of three separate imaging features: "Internal arteries" is the persistence of discrete arterial enhancement within the tumor in the venous phase of imaging; "hypodense halo" is a rim of hypoattenuation partially or completely circumscribing the tumor; and "tumor-liver difference" is a focal or circumferential sharp transition in attenuation between the tumor and the adjacent liver parenchyma in the absence of a hypodense halo (Fig. 1B,C ; Supporting Appendix). 10 RVI score was independently determined by five radiologists (C.B.S., M.D.K., D.S.W., M.G.C., and R.L.K.), blinded to the clinical and pathological data, with 13, 11, 3, 1, and 18 years of abdominal oncological imaging experience, respectively. Initial training was based on the set of cases from which the RVI biomarker was originally defined. 10 Radiologists could use arterial phase images for lesion localization; however, all feature scoring was based exclusively on portal venous phase images. 10 In patients with multiple tumors, RVI was assessed on the largest lesion (index tumor). Discrepancies in RVI scoring were resolved by consensus review. Diameter of the index tumor and the total number of lesions were recorded.
Statistical Analysis. Summary statistics of baseline characteristics were reported. Kruskal-Wallis' tests were used to test differences among the three institutions in continuous and ordinal variables. Reader agreements of RVI scoring were quantified using kappa statistics. Receiver operating characteristic analyses were used to test diagnostic performance of RVI against histology of the resected tumors, which is the gold standard for the diagnosis of MVI. Diagnostic accuracy, sensitivity, and specificity of RVI were assessed in the surgical resection, LT, and overall cohorts. In the subset of patients who underwent preoperative biopsy, the diagnostic accuracy of assessing MVI from needle-core biopsy samples was separately compared to RVI. Additionally, MannWhitney's U tests were used to test differences in baseline characteristics based on RVI score.
Uni-and multivariate regression analyses using Cox's proportional hazard models were used to evaluate predictors of OS and RFS. OS was defined as the time from surgery to the date of death or last follow-up. RFS was defined as the time from surgery to the date of recurrence based on imaging, last follow-up, or death.
Covariates included demographic characteristics and variables that were significant in univariate analysis. Kaplan-Meier's plot with log-rank tests were used to compare OS and RFS based on RVI or MVI status.
RVI was evaluated in subgroups defined by tumor size (3 or >3 cm), AFP values (20 or >20 ng/mL), AJCC-TNM stage, and Milan status. 18, 19 Within each subgroup, univariate Cox's proportional hazard model or Kaplan-Meier's plots with log-rank tests were used to compare OS between RVI-positive and -negative patients. In addition, interactions between RVI and tumor size or RVI and AFP were evaluated under Cox's model. No adjustments were used in multiple comparisons in exploratory analyses. Additionally, OS for RVIpositive and -negative patients were compared for LT patients who underwent bridging locoregional therapy after CT imaging. All statistical analyses were performed with STATA (v12.0; StataCorp LP, College Station, TX) and SPSS software (v22.0; IBM Corp, Armonk, NY)).
Results
Patient Characteristics. Of 278 patients, 157 met inclusion criteria (85 UCLA, 50 Stanford, and 22 UCSD). Seventy-two patients (46%) underwent surgical resection, whereas 85 (54%) underwent LT. MVI was diagnosed in explanted tissue of 45 patients (29%). Sites were similar in distribution of age, sex, index tumor size, and AJCC stage. The proportion of patients with MVI was greater at UCLA (38%) than UCSD (24%) and Stanford (18%; P 5 0.05). Median times to 14 Association mapping of CECT traits with this gene signature enabled derivation of the RVI radiogenomic biomarker for MVI. 10 (B) RVI score is defined by a three-trait decision tree in patients with HCC. (C) Examples of the three CECT traits that compose the RVI biomarker: Top, internal arteries; middle, hypodense halo; bottom, tumor-liver difference. (D) Diagnostic performance of RVI in surgical resection, LT, and overall cohorts. Abbreviations: NPV, negative predictive value; PPV, positive predictive value. (Fig. 1D) . Differences in diagnostic accuracy were not statistically significant among institutions (P 5 0.104) and in tumors greater or less than 3 cm (P 5 0.262).
In the subset of 22 patients who underwent preoperative needle-core biopsy, identification of MVI through biopsy had a diagnostic accuracy of 63.6%, sensitivity of 12.5%, and specificity of 92.9%, whereas positive RVI had a diagnostic accuracy of 95.4%, sensitivity of 87.5%, and specificity of 100%.
Characteristics of RVI-Positive Patients. Comparison of patients based on RVI status revealed that RVI-positive patients had larger tumors (P 5 0.024; 3.5 vs. 2.6 cm), higher AFP values (P 5 0.002; 89.8 vs. 14.7 ng/mL), higher nuclear grade (P 5 0.008; 3 vs. 2), and were less likely to have cirrhosis (P 5 0.042; 57.9% vs. 75.2%). Additionally, patients with RVI had less time between imaging to surgery than patients without RVI (P 5 0.001; 2.4 vs. 3.4 months). There were no differences in median age, sex, type of surgery, etiology of liver disease, number of lesions, AJCC-TNM stage, or Child-Pugh score between the two groups (Supporting Table 1 ).
Prognostic Factors for OS and RFS. In univariate analysis of OS, higher AFP level (hazard ratio [HR]: 1.25; P 5 0.029; 95% CI: 1.02-1.54), larger index tumor size (HR, 1.11; P < 0.001; 95% CI: 1.05-1.19), higher nuclear grade (HR, 1.49; P 5 0.004; 95% CI: 1.14-1.96), positive MVI (HR, 3.08; P < 0.001; 95% CI: 1.38-4.29), and positive RVI score (HR, 2.93; P < 0.001; 95% CI: 1.65-5.20) were significant factors of poor prognosis. Age (HR, 1.0; P 5 0.905; 95% CI: 0.98-1.03), male gender (HR, 1.73; P 5 0.157; 95% CI: 0.81-3.69), chronic hepatitis B virus (HBV) infection (HR, 0.93; P 5 0.816; 95% CI: 0.52-1.68), chronic hepatitis C virus (HCV) infection (HR, 1.04; P 5 0.893; 95% CI: 0.59-1.82), and multiple lesions (HR, 1.24; P 5 0.567; 95% CI: 0.74-1.73) were not significant prognostic factors. On multivariate analysis of OS, larger index tumor size (HR, 1.14; P < 0.001; 95% CI: 1.07-1.22), and positive RVI score (HR, 2.74; P 5 0.001; 95% CI: 1.47-5.09) were significant prognostic factors of poor survival. In multivariate analysis, MVI and RVI were evaluated separately owing to colinearity between MVI and RVI ( Table 2) .
In multivariate analysis of 3-year RFS, larger index tumor size (HR, 1.18; P < 0.001; 95% CI: 1.09-1.28) and positive RVI score (HR, 2.74; P 5 0.007; 95% CI: 1.31-5.73) were significant prognostic factors of recurrence (Supporting Table 2 ).
Comparison of MVI and RVI in OS and RFS. Median OS for patients with positive RVI score was less than patients with negative RVI score (P < 0.001; 48 vs. >147 months). Analogously, patients with histological MVI had lower median OS compared to those without (P < 0.001; 63 vs. >147 months; Fig. 2A ). Patients with negative RVI score were more likely to be recurrence free at 3 years than those with positive RVI score (P 5 0.001; 62% vs. 27%). Similarly, patients with histological MVI were more likely to be recurrence free after 3 years than those without (P < 0.001; 61% vs. 33%; Fig. 2B) .
OS of RVI and MVI in Subgroup Analyses. The prognostic significance of RVI was evaluated within subgroups defined by established predictors of prognosis in HCC. 20, 21 In index tumor size, positive RVI score was associated with a poor prognosis in patients with tumors 3 cm or smaller in diameter (HR, 3.87; P 5 0.001; 95% CI: 1.71-8.72) and in those with tumors greater than 3 cm (HR, 2.39; P 5 0.035; 95% CI: 1.06-5.38). Interaction between RVI and tumor size was not significant (P 5 0.49). In AFP values, positive RVI score was associated with a poor prognosis in patients with values 20 ng/mL and less (HR, 3.15; P 5 0.02; 95% CI: 1.19-8.12) as well as greater than 20 ng/mL (HR, 3.71; P 5 0.001; 95% CI: 1.76-8.05; Supporting Table 3) . Interaction between RVI and AFP value was not significant (P 5 0.69).
In patients classified as AJCC stage I, positive RVI score had statistically different, but clinically comparable, median OS compared to negative RVI score (P 5 0.01; 105 vs. 106 months). In parallel, median OS for patients with histological MVI was also equivalent to those without (P 5 0.048; 105 vs. 106 months; Supporting Fig. 1 ). However, in AJCC stage II, positive RVI score was associated with worse median OS, compared to negative RVI score (P < 0.001; 34 vs. >147 months), and histological MVI was associated with lower median OS than those without (P 5 0.009; 49 vs. >147 months; Fig. 3A ). For LT patients who were within Milan criteria, positive RVI score was associated with lower median OS, compared to negative RVI score (P < 0.001; 69 vs. >147 months). In the same group, patients with histological MVI had lower median OS than those without that approached statistical significance (P 5 0.059; 67 vs. 106 months; Fig. 3B ). Last, in 35 patients who underwent locoregional bridging therapy in the interval between CT imaging and LT to maintain transplant eligibility, 22 positive RVI score was again associated with lower median OS, compared to negative RVI score (P < 0.001; 34 vs. 106 months; Supporting Fig. 2 ).
Discussion
Surgical treatment of HCC suffers from high rates of disease recurrence. [3] [4] [5] One explanation is that current management paradigms do not account for histological MVI, a known predictor of disease recurrence and poor clinical outcome after surgical treatment. 7, 8, 20 In this multicenter study, we evaluated a novel imaging biomarker derived from a gene expression signature of vascular invasion in HCC. 10 We found that RVI was a strong predictor of MVI, with a diagnostic accuracy of 89%, sensitivity of 76%, and specificity of 94% in the overall cohort. Diagnostic performance was comparatively high in both surgical resection and LT subgroups. Furthermore, diagnostic performance did not significantly vary among institutions or with tumor size. These data show that RVI is a robust predictor of MVI and may have broad clinical applicability.
RVI also predicts clinical outcomes in a manner similar to MVI. We found that both positive RVI score and positive MVI were associated with poor OS and increased recurrence at 3 years. Importantly, RVI remained prognostic when the study population was classified by standard-of-care clinical staging systems, such as the AJCC-TNM and Milan criteria. 15, 16 We found that patients with a positive RVI score were associated with worse OS than negative RVI score in AJCC stage II and Milan patients. This was also the case in LT patients who underwent preoperative locoregional therapy to maintain transplant eligibility; those with positive RVI score had lower median OS, compared to those with negative RVI score. Our results suggest that many patients with a positive RVI score who undergo surgical resection or LT take on the risks associated with these procedures with diminished likelihood of a favorable clinical outcome.
Interestingly, in multivariate proportional hazard models, we found that RVI was an independent prognostic factor of OS and 3-year RFS whereas MVI was not. Additionally, Kaplan-Meier's analysis of LT patients within the Milan criteria showed that RVI, but not MVI, was a statistically significant factor in survival. A possible reason for this discrepancy is that RVI was derived from a gene expression profile for MVI, not histological MVI itself, and may capture a more fundamental phenotype of aggressive disease.
Numerous studies have shown that tumor size and serum AFP are predictors of poor prognosis in HCC. 20, 23 This was also true in our cohort, where higher AFP level was associated with poor OS whereas larger tumor size was associated with both poor OS and increased disease recurrence. Interestingly, in subgroup analyses, we found that RVI provided additional prognostic information in patients with favorable characteristics, such as tumors 3 cm or smaller and AFP values less than 20 ng/mL. We found that RVI had a lower HR in tumors greater than 3 cm, compared to those less than 3 cm, suggesting that the biomarker has less discriminating power in large tumors, which are known to be associated with poor prognosis. 20 Furthermore, there was no evidence of statistical interaction between RVI and tumor size or between RVI and AFP, indicating that the magnitude of the associations between the subgroups was not different. Finding that RVI provides prognostic information in patients with small lesions and in those with clinically insignificant AFP values suggests a possible role for RVI as an early detector of aggressive disease.
Detection of MVI using preoperative biopsy has proven unreliable owing to intratumoral heterogeneity causing sampling error. 24 Our results confirm the inadequacy of biopsy, where we observed a sensitivity of just over 12% in detecting MVI. Similarly, nuclear grade, which is a known independent predictor of prognosis, also relies on tissue procurement and, when assessed on preoperative biopsy specimens, is equally susceptible to sampling error. 24 The same is true of more recent proteomic and genomic markers of MVI, which require invasive tissue acquisition. 25, 26 Previous attempts to noninvasively predict MVI have utilized demographic criteria, serum proteins, and imaging features. 12, 21, 27 However, these approaches make use of retrospectively determined factors that are likely to vary with local population characteristics or institutional acquisition parameters. In contrast, RVI was derived from a gene expression profile associated with a number of different biological processes, including angiogenesis, cellular proliferation, and matrix invasion. 10, 14 Therefore, RVI utilizes a biology-driven strategy for predicting MVI through noninvasive interrogation of the molecular basis of venous invasion.
Given that RVI scoring was performed up to 12 months before pathological evaluation, it is possible that MVI may have developed during this interval. This raises the question of whether RVI predicts future development of MVI or current MVI. Given that RVI was derived from a vascular invasion gene profile, it is likely that both current MVI and "pre-MVI" tumors manifest RVI traits. Although conceptually interesting, this distinction does not affect the high concordance of RVI with MVI in surgically removed tumors or undermine its utility as a predictor of postsurgical outcome.
The limitations of this study include its retrospective cohort and potential variations in CECT acquisition parameters. It is possible that additional accuracy could be yielded with standardization of CT protocols and thinner slice reconstruction. However, our data do not necessarily support this given that no significant differences in diagnostic accuracy were observed for tumors less than 3 cm in diameter, compared to those greater than 3 cm. Additionally, we achieved a j of 0.705, suggesting substantial agreement among radiologists with a wide range of experience. Furthermore, varied imaging protocols reflect actual clinical practice patterns, underscoring the immediate clinical applicability of this radiogenomic biomarker. Another potential limitation is the use of CT, rather than magnetic resonance imaging. Whereas CT is standard for HCC imaging, MRI provides greater tissue and microstructure evaluation, particularly with the application of diffusion-weighted imaging and hepatobiliary contrast agents, and may provide additional information. 28 In this study, we analyzed a CECT biomarker for histological MVI derived from HCC-specific vascular invasion gene expression patterns. RVI predicts MVI with a high degree of accuracy and risk stratifies OS and RFS in a similar manner to MVI. Noninvasive preoperative evaluation of RVI score may alter indications for surgical treatment of HCC and thus potentially reduce rates of disease recurrence in appropriately selected patients.
